THE TREASURE TROVE OF PUBLISHED biological information is vast and continues to grow exponentially. The availability of so much information is beneficial but presents a problem for the physiological researcher. No single investigator can hope to have familiarity with more than a small fraction of the existing information that is relevant to his or her area of research focus. Even if investigators were able to read every relevant paper (itself an impossible goal), the human mind is limited in its ability to remember details and to identify complex relationships among biological variables discussed in multiple related papers.
In recognition of this problem, computers are being put to work (12, 27) . Computers can compensate for human limitations like limited memory, slow data acquisition, and inability to carry out complex calculations. However, computers do not measure up to many of the integrative capacities of the human mind, including the ability to read and understand natural human language. Since the standard method for conveying information in the scientific world is written text, usually in the English language, there have been efforts to develop computational tools that can extract information from publications, a field called "natural language processing" (12) . The task turns out to be difficult. The difficulty arises from the fact that "good writing" involves complexity, both syntactically and semantically. As a result of the complexity, computer programs used to categorize elements of sentences and determine the relationship among these elements (automated text processors) can misidentify relationships (27) . Thus, although computational extraction of information from text is a promising direction, we cannot yet rely on computers to archive information from publications in an error-free manner. Therefore, the creation of knowledge databases is often achieved through manual curation as seen for commercial knowledge bases such as MetaBase (2) and Ingenuity Pathway Analysis (37) . Such manually curated databases are useful in identifying biological relationships in a broad biological context, but they are less helpful in specialized areas of research. In this paper, we have compiled a prototype knowledge base aimed at archiving published information about one such specialized area, viz., the actions of the peptide hormone vasopressin in the kidney.
Vasopressin is the major regulator of water excretion by the kidney. It has actions in several renal tubule segments, including the collecting duct, the connecting tubule, the distal convoluted tubule, and the thick ascending limb. Vasopressin actions in these segments are mediated by binding to the V2 receptor (Gene symbol: Avpr2), a G protein-coupled receptor. In general, signaling pathways in these segments are incompletely understood despite many years of investigation. Recently, much information has been accruing from proteomic studies that identify proteome-wide actions of vasopressin, describing vasopressin-regulated phosphorylation, protein abundance changes, protein translocation from one subcellular compartment to another, protein-protein binding interactions, etc. Most of these studies have associated online databases (https://helixweb.nih.gov/ESBL/Database/), allowing users to freely access the data for their own analysis and experimental planning. These resources add to a growing literature based on reductionist studies of vasopressin action.
A major goal in systems biology is large-scale integration of data from diverse studies (19) . In this paper, we describe a new knowledge base, reporting a comprehensive list of documented vasopressin actions at the level of individual proteins. We also provide two ancillary databases of known physiological actions of vasopressin at an epithelial level and mRNAs whose abundances are regulated by vasopressin in renal epithelia. We structured the three databases in a "syntactical triplet" format, which presents the information in a "subject-verb-object" syn-tax (12) . This structure provides a uniform format that can be read easily either by human beings or by computers using standard parsing algorithms discussed by Quest et al. (25) . Because the databases are about vasopressin actions, all subjects are either "AVP" (arginine vasopressin) or "DDAVP" (a synthetic V2 receptor-selective agonist).
METHODS

Protein Targets database.
Publications that report vasopressin's effects on specific proteins in kidney epithelial cells were found using PubMed [search terms: (DDAVP OR AVP OR vasopressin) AND (collecting OR thick OR Henle) AND (kidney OR renal)]. Forty-two of these were found to report effects of vasopressin or DDAVP in which a change in vasopressin dose or concentration was an independent variable. Publication dates ranged from 1992 to 2013. The subject-verb-object triplets were manually extracted.
To curate the data, we initially organized the details about each study in an electronic spreadsheet. The elements of the syntactical triplets used are the "subject" (either "AVP" or "DDAVP"), the "verb" or "action" (predicate phrases), and the "object" (official gene symbols of the regulated target proteins). Data are also recorded for the location of phosphorylated sites (if relevant), the experimental system studied (tissue or cell type), a description of the responsive protein, the vasopressin dose and duration of treatment, the RefSeq identifier number of the responsive protein, the magnitude of the recorded change, the title of the publication, the year of publication, and the unique identifier (PMID) of the publication. Targets) , was curated from the same PubMed search described above plus review articles (20, 21) . This database includes measurements reported for effects of vasopressin or vasopressin analogs on physiological variables at a cellular or epithelial level. These observations, gleaned from 49 publications, are heavily weighted toward measurements made in the pregenomic era, i.e., before 1990, using in vitro methods. The year of publication ranged from 1966 to 2012. This database also uses a subject-verb-object syntax to represent the observations. The elements of the syntactical triplets used are the subject (either AVP or DDAVP), the verb or action (either decreased or increased), and the object (the physiological measure).
mRNA Targets database. A third database, The Database of Vasopressin Regulation in Kidney (mRNA Targets), was curated from a PubMed search (search terms: mRNA AND vasopressin AND kidney) with inclusion of data from three large-scale transcriptomic studies (5, 17, 28) . This database includes measurements of effects of vasopressin or vasopressin analogs on specific mRNA species in renal epithelial tissues. These observations were obtained from 21 papers covering the years 1995-2011. This database also uses a subject-verbobject syntax to represent the observations. The elements of the syntactical triplets used are the subject (either AVP or DDAVP), the verb or action (either increases, does not change, or decreases), and the object (the official gene symbol corresponding to the regulated mRNA). Fig. 1 . The data are displayed in a tabular format. The first three columns (red box, A) show the subject, verb (action), and object of each syntactical triplet, respectively. The objective of the database is to enumerate the protein targets of vasopressin, extracted from the scientific literature. Accordingly, all subject terms are either AVP or DDAVP. The verb column contains action phrases. The objects are the targeted proteins, designated by their official gene symbols. The gene symbols are hyperlinked to appropriate RefSeq records. The elements together form an English sentence when read from left to right, including the additional columns that provide ancillary information. The last column indicates the data-source publication, which is hyperlinked to the appropriate PubMed entry.
The database has other features, including a dropdown list of filters ( Fig. 1, red B ) that allow the user to isolate subsets of the data. Filters are based on verbs (actions). Users can download an expanded version of the database in the form of a spacedelimited file that can be opened with spreadsheet programs (Fig. 1, red C) . The downloadable spreadsheet includes additional experimental details. The red D in Fig. 1 Targets) . In addition, we have provided a link that allows users to submit new information to the knowledge base curators for inclusion in any of the three databases. Figure 2 Figure 2A shows the frequency of each verb (action). The most frequent entries are terms for vasopressin's effects on abundance and phosphorylation. In Fig. 2B , we show the distribution of objects (official gene symbols). Most appear only once. The most frequent target of vasopressin regulation with 43 entries is aquaporin-2 (Aqp2). Other frequent entries are Ahnak (a PDZ-domain containing nuclear protein); Ctnnb1 (␤-catenin, a multifunctional protein that translocates to the nucleus in response to vasopressin) (30) ; Tns (tensin, a protein-tyrosine phosphatase-like scaffold protein with SH2, PH-like, and C2 domains); Lrba (a single-pass integral membrane protein with multiple WD40 repeats, a BEACH domain, and an armadillo domain); and Slc14a2 (the vasopressin-regulated urea transporter of the renal collecting duct) (31) . Figure 2D presents the frequency of experimental systems (cell type) appearing in the database. Most entries were from studies using cultured cells from mice (mpkCCD) or native rat inner medullary collecting ducts.
is a synopsis of the Database of Vasopressin Regulation in Kidney (Protein Targets).
Physiological Targets Figure 3B shows the frequency of experimental systems. Studies using isolated, perfused tubules from rats or mice have the greatest frequency.
mRNA Targets database. (22) , viz., the AGC, CAMK, CK1, CMGC, STE, TKL, and TK kinases, as well as two kinases classified as "Other." The family classification provides information about the target specificities of its members. AGC and CAMK members are usually basophilic serine/ threonine kinases. CK1 family members are acidophilic serine/ threonine kinases. CMGC members are generally prolinedirected serine/threonine kinases, and TK members are tyrosine kinases. The STE and TKL kinases tend to have more highly variable specificities. The last column of Table 1 shows predicted changes in whole cell protein kinase activity induced by vasopressin, as inferred from the measured response and the kinase's annotation. The phosphorylation changes that are known to alter kinase activity were found on PhosphoSitePlus (http://www.phosphosite.org/) and/or in individual Swiss-Prot records. In addition, we assume that changes in total abundance of a given protein kinase are associated with changes in whole cell kinase activity as seen for Grk4, Pak2, and Pak3.
We used the list of protein kinases from Table 1 plus several other proteins previously documented to play important roles in vasopressin signaling to generate a relational network using STRING (http://string-db.org/) (Fig. 4) . For the STRING analysis, we used human gene symbols rather than rat or mouse gene symbols to take advantage of the richer annotation in many human records. The additional proteins were as follows: Avpr2 (the vasopressin V2 receptor), Aqp2 (aquaporin-2), Prkar1a (a protein kinase A-regulatory subunit), Prkacb (a protein kinase A catalytic subunit), RhoA (a small GTP- binding protein), CDC42 (a small GTP-binding protein similar to RhoA), Rock2 (the most abundant Rho-associated protein kinase in the collecting duct), Gnas (a heterotrimeric G protein ␣-subunit that activates adenylyl cyclases), Gna11 (a heterotrimeric G protein ␣-subunit that activates signaling through phospholipase C ␤ isoforms), Gna12 (a heterotrimeric G protein ␣-subunit that activates RhoA-dependent signaling), Ctnnb1 (␤-catenin), Gsk3␤ (glycogen synthase kinase-3␤), and Actb (␤-actin). These additions are based on observations from several laboratories (3, 14, 16, 23, 26, 29, 30, 39) . Some kinases identified in our database had no connections within the generated kinase network (Cdk11b, Cdk18, Ulk3, Map4k, Lmtk2, Aak1, Mink1, Map4k5, and Camkk2) and thus do not appear in Fig. 4 . In cases where there were multiple genes coding for similar proteins (e.g., Gna12 and Gna13), we used the one expressed at the highest level in transcriptomic studies (38, 40) . The resulting network was edited in Cytoscape for display (Fig. 4) . In this diagram, the vasopressin V2 receptor (Avpr2) is at the top and the regulated processes are at the bottom, so that the flow of signaling information is hypothetically from top to bottom. The different kinase classes are indicated by node color (see the figure legend), and the direction of change in total cellular kinase activity is indicated by the color of the node border (blue ϭ increased; red ϭ decreased). Several MAP kinases [Mapk1 (ERK2), Mapk3 (ERK1), Mapk8 (JNK1), Mapk9 (JNK2), and Mapk14 (p38␣)] are represented in Fig. 4 , and they all show decreases in activity, accounting ultimately for the vasopressin-induced decrease in aquaporin-2 phosphorylation at Ser-261 (13, 15, 24) . It can be noted that Ser-259 of Raf1 at the head of the MAP kinase cascade can be phosphorylated by protein kinase A (Prkacb) (9) . Since phosphorylation at this site inhibits kinase activity (1), this observation suggests a mechanism that would explain inhibition of MAP kinases by vasopressin through protein kinase A activation. We can find no direct evidence that protein kinase A is activated in collecting duct cells in response to vasopressin. However, this seems to be a reasonable assumption based on the observation that vasopressin increases cAMP levels in collecting duct cells (Physiological Targets database) with the knowledge that cAMP activates protein kinase A isoforms by binding to their inhibitory regulatory subunits (here Prkar1a). Protein kinase A has been shown to be capable of phosphorylating Ser-256 of aquaporin-2 (10, 16), which is necessary for its trafficking to the apical plasma membrane. An additional AGC-family kinase shown in Fig. 4 that is capable of phosphorylating aquaporin-2 at Ser-256 is Akt1 (10) . Figure 4 also includes several signaling elements that are calcium dependent. Vasopressin mobilizes intracellular calcium in the collecting duct through the V2 receptor (11, 32, 34) . However, the mechanism of increase remains uncertain. Although the type 1 ryanodine receptor (Ryr1) has been proposed to be involved in this calcium mobilization (7), its expression level in the rat inner medullary collecting duct and mouse mpkCCD is at the noise level on microarrays (38, 40) . In contrast, the high expression levels of the inositol 1,4,5-trisphosphate receptors (Itpr1, Itpr2, and Itpr3), suggests a role for phospholipase C-␤-mediated effects, presumably via the heterotrimeric protein Gna11 which is much more highly expressed in collecting duct cells than the other alternative, Gnaq (38, 40) . The calcium mobilization is thought to control multiple calmodulin-dependent processes in the collecting duct cell, including activation of three members of the CAMK2 family, namely, myosin-light chain kinase (Mylk), calmodulindependent kinase ␤ (Camk2b), and calmodulin-dependent kinase ␦ (Camk2d), all represented in Fig. 4 . Myosin light-chain kinase activity has been shown to be necessary for trafficking of aquaporin-2-containing vesicles to the plasma membrane, through regulation of blebbistatin-sensitive conventional myosins, myosin II-A, II-B, and/or II-C, in collecting duct cells (6, 8) .
It has also been demonstrated that vasopressin depolymerizes apical cortical F-actin in the inner medullary collecting duct (33) , and that this occurs through RhoA inactivation (18, 35) . RhoA inactivation has been proposed to be a result of protein kinase A-mediated phosphorylation of RhoA at Ser188, an inhibitory site (36) . The effect on actin polymerization is hypothetically due to decreased activity of Rock2, as indicated on the network diagram, although a role for Cdc42bpb, a CDC42-activated protein kinase, cannot be ruled out.
Note that several of the kinases linked to the network shown in Fig. 4 have not been studied with regard to their roles in vasopressin signaling in the collecting duct. Thus data archiving and network modeling from the data can be useful in identifying potential hypotheses for future reductionist studies of vasopressin action in the collecting duct. Targets) , lists vasopressininduced changes in mRNA abundances for specific genes. These databases are formatted to be read either by humans or by computers (25, 27) ; the latter is achieved through use of standard sentence-parsing algorithms (for example, http://nlp. stanford.edu:8080/parser/). Specifically, we curated the databases based on a syntactical triplet structure. Each data entry reads from left to right: ϽsubjectϾϽverb phraseϾϽobjectϾ Ͻprepositional phrasesϾϽparenthetical informationϾ. This structure is built around simplified conventional English grammar. This allows readers or computers to extract the information from the database by reading entries from left to right without knowledge of the column-header text.
Automated extraction of information from text depends on parser algorithms which use syntactical context, along with other factors, to identify the relationship among individual words (12) . The design of our databases is based on the idea that parser programs can be used to extract and categorize the information from the databases if they are structured in a simple, unambiguous sentence format. Our databases used data from a variety of biological publications. In theory, computers could extract similar information from the original publications. However, the standard English syntax and vocabulary used in most publications tend to be highly variable and complex. This complexity impedes successful automated information extraction and, in our experience, can lead to frequent false identification of word relationships. Instead, the simple sentence structure in these databases can be expected to allow text-mining programs to retrieve the information accurately.
A possible objective for the future would be to incorporate the above concept in the publication process by including annotations expressing the major conclusions of a given paper in a simplified format similar to that used in our databases. Ideally, these annotations would be generated by the authors themselves and reviewed along with the paper. This would allow databases, like the ones in this paper, to be automatically updated from the biological literature as it accrues. It would also allow researchers some control in how their findings are assimilated into the general body of knowledge. Another important feature of the protein database and the mRNA database is the use of official gene symbols to represent objects. Protein nomenclature in publications is difficult to decipher because many gene products have multiple names and in some cases different gene products have the same name. The use of official gene symbols almost completely removes the inherent redundancy and ambiguity of protein nomenclature. In other words, the list of official gene symbols is a useful controlled vocabulary that helps to eliminate the possibility of false conclusions being extracted.
In all three databases, the verb (action) terms come from an open set of possible English verbs or verb-containing phrases. Generally, conventional English vocabulary suffices for these terms. Although some of the phrases used do not technically correspond to the conventional definition of an English verb, the liberal definition used here is helpful in constraining the object terms to a defined list of official gene symbols. In Fig. 4 . Protein-kinase network for the action of vasopressin in collecting duct cells was constructed from data in Table 1 using STRING (http://string-db.org/), followed by manual editing using Cytoscape (http://www.cytoscape.org/). Several additional proteins were added (see text) at the level of the STRING input to incorporate well-established knowledge about vasopressin signaling, viz., Avpr2, Aqp2, Prkar1a, Prkacb, RhoA, CDC42, Rock2, Gnas, Gna11, Gna12, Ctnnb1, Gsk3␤, and Actb. Node colors indicate protein kinase family (see figure key). Node borders designate whether the protein kinase was inferred to increase (blue) or decrease (red) in activity. AQP2, aquaporin-2.
general, the manner of presenting the information makes questions like "What constitutes a verb?" unimportant. As long as a particular entry in the database can be read from left to right as a conventional English sentence, the information encoded is likely to be correctly conveyed either to an automated parser or to a human reader.
In all three databases, the subject column is presently limited to two terms, either AVP or DDAVP, which are different forms of vasopressin. This was a practical choice that allowed us to limit the initial curation task to ϳ1,700 entries. Although the example presented shows how the current database can be successfully used to aid physiological modeling of a system like the renal collecting duct cell, there is a lot more additional information in the literature that is relevant to how vasopressin regulates water transport in the collecting duct than is represented in the current database. Thus future expansion of the database to use additional subject terms like cAMP and forskolin seems warranted.
In addition to facilitating automated data extraction, the manner of organization of our databases also allows human users to more readily understand the information conveyed. Note that the column headers can be viewed as superfluous, since the reader can readily deduce the meaning of each element based on its syntactic context. Thus a human user can simply read an entry from left to right as she would any sentence. The simple English sentence structure created in each entry, therefore, enhances the human reader's ability to understand what information is being conveyed.
We have provided an example of the use of the knowledge base described in this paper in Table 1 and Fig. 4 , showing protein kinases and their relationships to two regulated biological processes in collecting duct cells, viz., regulation of aquaporin-2 phosphorylation and actin dynamics. The resulting kinase network (Fig. 4) can be used to identify the frontiers of knowledge in vasopressin signaling and to develop novel hypotheses. In particular, several of the protein kinases shown in Table 1 have not been studied directly with regard to their roles in vasopressin signaling and would be appropriate targets for future studies using reductionist techniques. Furthermore, the databases can help in systems biology applications (19) . Specifically, large-scale data integration techniques, e.g., Bayesian modeling, can bring together different types of data to further understand how integrated physiological systems (such as the collecting duct epithelium) work (4) .
Ideally, the creation and maintenance of databases like those reported here can be done by communities of scientists rather than by workers from individual laboratories. Accordingly, we have set up a mechanism to update our databases with usersubmitted data. To do this, we have created a link to download a data submission form that can be completed in the prescribed format and submitted for incorporation into the online version of the database.
In the future, new databases may be readily created by other members of the physiology community, for example by reporting observations with subject terms besides those used here, viz., AVP or DDAVP. In this way, experts in different areas can develop and publish their own online databases reflecting their own bodies of knowledge. This is a surprisingly straightforward task that can be accomplished in a few days once the data are in hand by following the procedure described in the APPENDIX.
APPENDIX: CREATING A DATABASE WEBPAGE
Setting up a database webpage is easier than many physiologists recognize. Here, we present a simple step-by-step protocol for setting up expert-curated database web pages like the ones presented in this paper.
Step 1. Organize the Data Using a Spreadsheet Program
Use a standard spreadsheet program such as Microsoft Excel to organize user-determined information in the manner desired. The format should be constrained such that the width is less than a single page. However, the length (the number of rows) can be as great as desired. Column headers, page header, and explanatory information can be formatted at the top of the spreadsheet page to specify the desired appearance of the webpage.
Step 2. Convert the Spreadsheet File to .html Format
Once editing of the spreadsheet is finalized, the user can convert it to an .html file that can be displayed by a browser. This is done in Microsoft Excel, for example, by selecting "Save as" and choosing "Web Page" on the "Save as Type" dropdown menu. User should choose "Selection: Single Sheet" if the spreadsheet contains multiple tabs and then follow remaining prompts to "Publish." The .html file can be viewed in the user's default browser by clicking on the file name. Corrections can be made in the original spreadsheet or by editing the .html code in Notepadϩϩ or a similar text editor.
Step 3. Transfer .html File to Web-Hosting Server
Once the user is satisfied with the appearance of the webpage, the .html file can be transferred to a computer with a functioning web server client such as Apache Tomcat. Most institutions have IT departments that can facilitate this step. Alternatively, commercial web-hosting companies can provide this service.
